This paper investigates the impact of load rejection over-voltage (LRO) from commercially available grid tied photovoltaic (PV) inverters. LRO can occur when a breaker opens and the power output from a distributed energy resource (DER) exceeds the load. Simplified models of current-controlled inverters can over-predict LRO magnitudes, thus it is useful to quantify the effect through laboratory testing. The load rejection event was replicated using a hardware testbed at the National 
This study focuses on the experimental testing of LRO on commercially available PV inverters.
LRO can occur when a portion of a distribution feeder containing a significant amount of PV and some equal or smaller amount of load becomes disconnected from the grid, resulting in a generation-to-Ioad ratio (GLR) that exceeds unity. During the brief period before inverter controls detect the disconnection of the grid, TOV can occur when the output 978-1-4799-7944-8/15/$31.00 ©2015 IEEE current from the inverter is temporarily fed into the local load [3] .
Earlier results [4] - [7] have suggested that LRO levels can be fairly high, exceeding 2.25 pu, but these results focused on 100% load rejection cases, i.e., suddenly open-circuiting the inverter outputs such that no load remains connected. This approach may provide worst-case LRO results, but because the situation under discussion in this paper is the protection of utility customer loads from LRO rather than a zero-load situation, the results in [4] are not directly applicable. To get more practical results, LRO quantification as a function of GLR is needed. Also, the present generation of inverters with newer control implementations needs to be tested to understand the current industry best practices.
This paper briefly describes the theory and simulation of LRO, followed by details on laboratory testing of a broad selection of commercially available PV inverters at a variety of generation to load ratios. Section II briefly discusses the theory of LRO followed by discussion of simulation of LRO in Section III. Next, Section IV describes the test setup and procedures developed through a consensus-based process, Section V gives sample test results for the inverters tested at NREL, and Section VI provides conclusions.
II. THEORY
For a balanced resistive load with phase-to-neutral resistance R, and with reactive power balance in the island, the theoretical maximum level of LRO can be predicted by noting that at the moment of island formation, the load power will jump from its pre-island level to the full output power of the aggregate PV on the circuit. If the ratio of the generation and load is defined as GLR, the per-unit LRO would be
However, under practical circumstances LRO values are much more difficult to predict. A reactive power imbalance in the island can result in higher or lower LROs depending on whether the load is inductive or capacitive, but it will also result in a frequency change that could lead to a fast trip, representing an inverter using a synchronous machine model with manipulated impedances) may underrepresent LRO, and in fact may produce no LRO at all, because they fail to properly capture the current-regulated nature of the inverter.
• Switch-averaged models may also not be adequate, even if the current regulator is represented, because switch averaged models may not capture over-modulation [8] .
During LRO, the peak of the AC voltage will rise until it begins to approach the available DC voltage. When that happens, the inverter's pulse width modulator (PWM) will begin to enter the over-modulation regime of operation, in which during parts of the AC waveform the inverter is no longer current-controlled, but instead is essentially applying ±VDC to its outputs. Under this condition, the output current will become non-sinusoidal, and accurately capturing this phenomenon in simulation requires representation of internal details of the inverters' controls and PWM, and can be difficult and time-consuming.
• If the PWM is explicitly modeled and the model is solved with a fixed-step solver, very short simulation time steps must be used, typically on the order of 1% of the inverter's switching period. For a 5 kHz inverter, this means that the simulation time step must be 2 /lS or less, which will result in long simulation times. If this is not done, the available 978-1-4799-7944-8/15/$31.00 ©2015 IEEE pulse width values from the PWM become artificially discretized, and the simulation will not properly represent the real inverter.
IV. TEST SETUP AND PROCEDURES
The test procedure used to evaluate the behavior of inverters in load-rejection scenarios is described in [ The load resistance was adjusted to be within 2% of the target value, and the EUT (or the input source as necessary) was set to the desired output power within 2%. The simulated electric power system (EPS) was capable of at least 150% of nominal EUT power and was set to 2% of nominal grid voltage and ±O.l Hz of nominal frequency. Switch SI was closed and the system was brought to steady state. SI was then opened and the voltages versus time of all phases were recorded at a sampling rate of 50 kHz.
The load power and EUT output power combinations that were tested are given in Table 1 . These combinations were selected to represent realistic field conditions and span GLR values from unity to 10: l. Each test condition was repeated for a total of seven samples to ensure that the switch SI was opened at different parts of the AC line cycle. All tests were completed on purely resistive loads. 
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Load Ratio (Inverter Power I Load Power) conditions. Additionally, the newer generation of inverters tested under this project showed better LRO response. 
